Abstract The moment tensors and centroid depths are estimated for eastern California and western Nevada earthquakes from regionally recorded long-period seismograms using the moment-tensor inversion method. We compiled the moment tensor solutions into a catalog complete for earthquakes with M W Ͼ 4 since 1990. The earthquakes in this study are mostly located within the aftershock zones of Eureka Valley, Double Spring Flat, Coso, Ridgecrest, Fish Lake Valley, and Scotty's Junction, with the remaining earthquakes distributed across the region. We validated the moment tensor solutions by a comparison with Harvard centroid moment tensor (CMT) and P-wave first-motion focal mechanism solutions. The mean difference in strike, dip, and rake between our moment tensors and either Harvard CMT solutions or first-motion focal mechanisms were less than approximately 15Њ with a standard deviation less than 10Њ. We also examine the solution mean and variance by inverting resampled datasets using the delete-j Jackknife resampling method. Based on two well-recorded sample events, with more than 11 and 14 associated recording stations, the P-and T-axis trend and plunge can be determined to within ‫01ע‬Њ when at least three or four well-distributed stations are used in the inversion.
Introduction
Long-period seismic waves recorded regionally by one or more three-component stations were used to extract information about the earthquake source, in particular, seismic moment, focal mechanism, and centroid depth. The use of seismic waves at long periods improves the estimation of earthquake source parameters because they are relatively insensitive to the effects of lateral velocity and density heterogeneities (e.g., Ritsema and Lay, 1995) . We use the matrix inversion method to invert for the point source moment tensor using Green's functions computed from 1D velocity models.
Previous studies have extracted source parameters from long-period body waves using the moment-tensor inversion method for the Basin and Range and eastern California (e.g., Dreger and Helmberger, 1993; Walter, 1993; Ritsema and Lay, 1995) . We include more events and also utilize more data for each event. Some of the original studies such as Helmberger and Engen (1980) , Wallace (1981) , and Wallace and Helmberger (1982) focused mainly on P and Pnl waves, while we have used the entire waveform. Other recent studies such as Dreger and Helmberger (1993) , Song et al. (1996) , and Zhao and Helmberger (1994) have used broadband methods for fitting the complete waveform and separate P-and S-phase windows. Some of these studies also (triangles) used in this study. We also show the hypocenter location (stars) of historical earthquakes and the approximate location of surface ruptures (gray lines) that occurred in eastern California and central Nevada since 1860 (see Table 1 for references).
used a grid search scheme rather than matrix inversion methods to estimate source parameters as well as earth structure. Such studies demonstrate the powerful ability of waveform modeling and inversion to adapt to different types of problems. Our goal is to implement a standard methodology to quickly provide consistent source parameter estimates for the Basin and Range and eastern California to be used in a wide range of applications. Scalar seismic moment, derived from the moment tensor, is used as a common scaling parameter in seismic hazard, such as the relationship between seismic moment and fault rupture length (e.g., Wells and Coppersmith, 1994) . It is also important for nuclear explosion monitoring, which uses scaling of source parameters such as the relationship of seismic moment to radiated energy (Mayeda and Walter, 1996) . The regional moment tensor inversion allows for the rapid determination of this and other earthquake source information in near-real time (e.g., Thio and Kanamori, 1995 ; for the four 1D models used in the moment tensor inversions. The models include the WUS (Ritsema and Lay, 1995) , BR1 (Bhattacharyya et al., 1999) , SC (Dreger and Helmberger, 1990) , and GIL models (Dreger and Romanowicz, 1994 ). The models are compared to the Priestly and Brune (1978) Basin and Range velocity model estimated from surface waves. Pasyanos et al., 1996) , which can help emergency officials assess potential damage after an earthquake, as well as provide immediate tectonic interpretation of the faulting process. We used the orientation of the P and T axes, obtained from the moment tensor solutions, in order to improve the understanding of the regional tectonics and kinematics in this region of complex distributed deformation. The Basin and Range Extensional Province, which extends from within the Sierra Nevada to the Rocky Mountains, is part of the Pacific-North America plate boundary. Unlike other plate boundaries where the deformation is concentrated along a single interface or narrow zone, the distributed deformation across the Basin and Range Extensional Province makes the relationship between seismic sources and tectonics difficult to resolve without information on the distribution and geometry of faulting.
In addition to the moment tensor inversions, we examined the wave propagation characteristics of broadband seismograms from two earthquakes near Reno using the moment tensor inversion results. By using waveform modeling, we can attempt to predict the amplitudes and phases of the observed ground motions near Reno and Carson City, Nevada, to frequencies up to 1 Hz for hard-rock sites. This illustrates the importance of characterizing seismic sources and calibrating velocity models for wave propagation effects in predicting the ground motions and providing time histories for engineers and for seismic hazard assessment.
Methodology
The moment tensor inversion methodology used in this study was summarized by Jost and Herrmann (1989) . We filter the data over certain passbands between 200 and 10 sec. For larger earthquakes (M W Ͼ5) we use 200-50 sec waves, and for smaller earthquakes (M W Ͻ4.0) we use 50-10 sec waves. For these long periods, we are able to use the point source assumption which does not model the complexities that arise from source finiteness and path propagation effects. This is an appropriate assumption when the dominant period of the waves, which have wavelengths about 100-200 km in length, are much larger than the source dimensions or the dimensions of earth heterogeneities along the ray paths. The Green's functions are computed using several velocities models, and the models are chosen in a trial-and-error process.
With a wide range of passbands and station distances, the inversion becomes heavily weighted toward higher frequencies and larger amplitudes from near-field stations. We do not apply distance weighting, although there is a natural weighting with distance because the farther stations usually have more data points. The complete waveform inversions are weighted more toward the surface waves than the body waves because of the difference in amplitudes due to attenuation. We check the variance of the moment tensor solution and the contribution of the nearest stations to the solution by using a Jackknife resampling method for two sample events.
ybh ∆=355.1 (km) φ=320Њ bks ∆=251.9 (km) f =232Њ hops ∆=268.7 (km) φ=264Њ arc ∆=389.6 (km) φ=298Њ 102 sec 90 sec 77 sec 90 sec kcc ∆=228.1(km) φ=165Њ cmb ∆=145.1(km) φ=194Њ sao ∆=309.7(km) φ=205Њ mhc ∆=261.6 (km) φ=214Њ We use the local network location to compute a suite of Green's functions for 2 km depth increments. We then iteratively solve for the source depth using a grid search scheme, which takes very little time since we are only examining crustal earthquakes with depths less than 20 km. We then solve for the full moment tensor (6 degrees of freedom moment tensor) and also for the deviatoric moment tensor (5 degrees of freedom moment tensor). With the 5 degrees of freedom moment tensor, we assume there is no volume change (no isotropic component) and replace the moment tensor element M zz with ‫(מ‬M xx ‫ם‬ M yy ).
Stations, Events, Waveform Data, and Velocity Models
We use waveform data recorded from broadband stations of the Berkeley Digital Seismic Network (BDSN) (Romanowicz et al., 1992 , Terrascope and Trinet (Caltech-U.S. Geological Survey [USGS]), and United States National Seismic Network (USNSN). The data from these networks are archived at data centers at Incorporated Research Institutes for Seismology Data Management Center, University of California, Berkeley, Seismological Lab- Table 2 for event numbers and source parameters).
oratory (BSL), USGS at Golden, Colorado (via AutoDRM), and the Southern California Earthquake Center. All of these data can be accessed through the internet in near-real time by either web interface or research accounts. The Nevada Seismological Laboratory (NSL) also maintains several intermediate-band stations. To save space, the station identification codes, locations, and instrument corrections are available on the internet and will not be listed in this study. Stations shown in Figure 1 are equipped with broadband three-component Streckeisen STS1, STS2, or Guralp CMG40 sensors. The STS2 has the ability to record static ground displacements down to direct current offsets (e.g., Ichinose et al., 2000) and up to frequencies limited by the sampling rate. The Nyquist frequency is usually 10 Hz for the continuous data stream. Figure 1 also shows that the events selected in this study are located in eastern California and western Nevada, north of the Garlock fault and south of the Nevada-Oregon border. The Green's functions are computed using a fast reflectivity and frequency-wavenumber (f -j) summation tech- nique (Mueller 1985; Zeng and Anderson, 1995) . The libraries can be precomputed as a function of source-receiver distance, source depth, and velocity model. Since we mainly model the long periods, the computation speed is very fast and libraries do not need to be precomputed. The velocity models examined in this study are shown in Figure 2 . The Western United States (WUS) model, developed by C. Ammon (unpublished work), is found to work the best because it was constructed using phase velocity measurements of surface waves across many of the propagation paths used in this study (Ritsema and Lay, 1995) . We used the WUS model when the period range was between 200 and 20 sec and also for distances out to 1000 km. We also used the Southern California (SC) model for sites along the Sierra Nevada, the Table 2 are labeled above the focal mechanisms. charyya et al., 1999) for paths crossing the Basin and Range. The models are all similar to that estimated by Priestly and Brune (1978) for the Basin and Range except for the SC (Dreger and Helmberger, 1990 ) and GIL models (Dreger and Romanowicz, 1994) . The sources and receivers are distributed across different tectonic regions, and therefore the choice of the velocity model used in the moment tensor inversion depends more on site and path velocity structure than on source structure. The WUS, GIL, and SC velocity models therefore do not necessarily represent the Basin and Range crustal structure, but rather models that better represent the overall source-to-receiver ray path. We show the typical quality of the waveform fits from four example events in Figure 3 : the 1998 Lake Tahoe (event 87) , 1997 Fish Lake Valley (event 55), 1999 Scotty's Junction (event 100), and 2000 Truckee (event 114) earthquakes. We used at least two or more welldistributed stations, thereby minimizing the effect of the model uncertainty along any one single ray path on the moment tensor solution. The mismatches in phase of about several seconds and misfit in amplitude between observed and synthetic waveforms for some events contain useful information about corrections needed to better calibrate the velocity models.
Results
Regional moment tensor solutions are shown in Figures 4-10, along with the focal mechanisms, which represent the major double couple of the deviatoric moment tensor. The event numbers labeled above each focal mechanism are coded to Table 2 . We will focus on the 140 earthquakes of magnitude greater than 3.8 since the year 1990 to the end of 2001. The Basin and Range Extensional Province has been relatively active over the last decade within eastern California and western Nevada. Most (M w Ͼ4) earthquakes occurred within aftershock zones, with the exception of the seismicity correlated with caldera inflation episodes at Long Valley in 1997 (Fig. 9 ). These aftershock zones include the Double Spring Flat (Ichinose et al., 1998) (Fig. 5 ), Eureka Valley (Fig. 6 ), Fish Lake Valley (Fig. 7 ), Scotty's Junction (Fig. 8) , and Coso-Ridgecrest (Fig. 10) regions. The remaining third of the earthquakes were distributed along the Walker Lane Belt (Stewart, 1988) , the central Nevada seismic belt, and the eastern California shear zone (Dokka and Travis, 1990) (Fig. 4) .
To further examine the style of faulting in the Basin and Range and eastern California, we separated the earthquakes based on rake angle. Focal mechanisms with rake angles between ‫54מ‬Њ and ‫54ם‬Њ and ‫531מ‬Њ and ‫531ם‬Њ are considered strike slip, while focal mechanisms with rake angles between ‫54מ‬Њ and ‫531מ‬Њ are considered normal slip. With this definition, 70% of the earthquakes, representing 50% of the total moment, have strike-slip mechanisms. Among the 11 historical earthquakes within central Nevada and eastern California from 1872 to 1954 (Table 1) , 8 of 11 (73%) have a strike-slip mechanism. Those eight earthquakes released 75% of the total moment, or three times the total moment of the normal-faulting earthquakes. Even though the region is often considered a continental extensional environment, this style of deformation is not entirely surprising, considering previous stress inversion studies (e.g., Vetter, 1984 Vetter, , 1988 Zoback, 1989; Vetter, 1990; Rogers et al., 1991) and the amount of right-lateral shear partitioned from the San Andreas. The geodetic slip rate is estimated to be 1.0-1.4 cm/yr in a northwest direction (e.g., Dokka and Travis, 1990; Thatcher et al., 1999) across the eastern California shear zone and Basin and Range. We plot the trend and plunge of the P and T axes in Figure 11 to show the style of deformation for the region.
We separate the T axes based on the approximate boundaries of the Sierra Nevada, Walker Lane-eastern California shear zone, and Basin and Range. These boundaries are sketched in Figure 11 . In order to compute the mean and standard deviation of T-axis orientations we group the T axes based on location and force all of the orientations to be in the western hemisphere by shifting the trend angles less than 180Њ by 180Њ (Table 3) .
For the westernmost region, the T axes along the eastern Sierra Nevada trend roughly east-west (region 1). Although there is a lot of variation in the T-axis trend from 197Њ to 295Њ along the eastern Sierra Nevada, the T axes are near perpendicular to the trend of the range fronts. The mean Taxis trend for the Sierra Nevada region is 258.6Њ, with a standard deviation of 19.3Њ. The T-axis rotations along the range front are consistent with stress rotations caused by topography differences (e.g., Turcotte, 1983 T-axis trend relative from the Sierra Nevada (region 2). The mean T-axis trend is 285.7Њ, with a standard deviation of 13.8Њ for the Walker Lane and eastern California. The difference in the mean T-axis trend between the Sierra Nevada and Walker Lane regions is 27.1Њ, which is larger than the standard deviation of both regions. The Basin and Range proper, which is the easternmost region in this study, has a mean T-axis trend of 302.5Њ, nearly perpendicular to the trend of the basins and ranges. The difference in mean Taxis trend between the Walker Lane and Basin and Range is 16.8Њ, smaller than the standard deviation of 29.8Њ. Although the smaller number of events in the Basin and Range contributed somewhat to the higher standard deviation, the mean T axis is still significantly different relative to the Sierra Nevada. These three regional tectonic subdivisions are approximations because they are based on only a handful of observations over 1 decade; nevertheless we can still recognize some patterns that are consistent with previous measurements made over the last 30 years (e.g., Vetter, 1984 Vetter, , 1988 Zoback, 1989; Vetter, 1990; Rogers et al., 1991) . One observation, consistent with the larger historical earthquakes in Table 1 , is the range of the focal mechanisms between strike slip and dip slip, suggesting that the minimum, intermediate, and maximum stresses do not differ significantly in magnitude. Figure 12 shows the distribution of all depths estimated in this study from moment tensor inversion and also from seismic networks. The depth estimates from the seismic networks are assumed to be poor because of the sparse seismic station coverage across most of Nevada. With the combi- Table 1 Source Parameters of Historical Earthquakes* et al. (1991) . † Doser (1986 † Doser ( , 1988 . ‡ Beanland and Clark (1994) . § Wallace (1984) . tensor with decreasing moment magnitude. This suggests that the percent double couple is affected by the noise level in waveform data, which is near the signal level for earthquakes with magnitudes smaller than 4 at the distances greater than 100 km. There are also larger earthquakes that have a CLVD component as high as 15%, possibly due to path propagation and site effects from unmodeled earth structure, and even higher CLVD components for double events. Isotropic components of 10%, indicating volume change, are common and are due to the same effects as the CLVD component. We find that there is some trade-off between source depth and isotropic components. Through the forward modeling of a surface explosion in central Nevada, we have observed that shallow earthquakes and surface explosions both generate similar P waves and codas (Ichinose et al., 1998) . Greater amounts of apparent isotropic components may also be due to noisy data, unmodeled path effects, or site effects.
Depth Variations
We reexamined the 1997 Mammoth events at Long Valley Caldera using the full moment tensor inversion. Event 64 has an unusually large 40% isotropic component and large 40% CLVD. The non-double-couple component for this event was previously found to be statistically significant by Dreger et al. (2000) and not related to near-source velocity 3D structure (Panning et al., 2001) . They also found that the isotropic component for this event and other nearby events recorded during the same time period were associated with dilatational processes coincident with deformation recorded by strain meters. A definitive test on whether CLVD nation of various seismic networks, there is dense coverage only around the Mammoth Lakes, Nevada, test site, and the North Lake Tahoe and Reno regions. For a comparison, only "a" quality events and hypocenter depths were selected from the University of Nevada-Reno catalog. The 13 selected events are flagged based on good azimuthal coverage and requirement of one recording site within 1 source depth. The correlation coefficient between network and moment tensor depths is 0.84, suggesting some consistency between the two estimates. The largest outlier is the Truckee (114) event.
Compensated Linear Vector Dipole and Isotropic Components
Figures 4-10 show that compensated linear vector dipole (CLVD) components less than 20% are common. One possible origin for the CLVD and isotropic component is from simultaneous slip on different faults or a mixture of dip slip and strike slip on a single fault. They can also be generated by errors in the earthquake origin time and location. There is no conclusive evidence to legitimize the small CLVD components for many of the events, and they are most likely artifacts of noisy data, poor constraints on velocity models, slight mislocations, or a combination of these effects. We have further investigated several events with a large CLVD component. For example, event 9 is in the coda of a previous event, and event 36 is the second event of a double event. Figure 13 shows that there is a wide range of percent double couple estimated from the deviatoric moment R e g i o n 3 -B a s i n a n d R a g e Figure 11 . Map of P axes (gray arrows) and T axes (black arrows) from the major double couple of the deviatoric moment tensor solutions. The arrows point in the direction of the P-or T-axis trend, and the arrow lengths and sizes are proportional to the plunge angle (see scale). The approximate boundaries between the Sierra Nevada (region 1), Walker Lane (region 2), and Basin and Range (region 3) are sketched and used to separate the T-axis orientations. The trend of T axes are shown in rose diagrams, and more details on their orientations are listed in Table 3 . and isotropic components are required by the data is beyond the scope of this study.
Validations: Comparisons Between Regional Moment Tensor and Harvard Centroid Moment Tensor
Since 1981, the Harvard group has produced estimates of moment tensors of global earthquakes with M W Ͼ 5.0 using the centroid moment tensor (CMT) procedure (e.g., Dziewonski et al., 1981 Dziewonski et al., , 1983 Woodhouse and Dziewonski, 1984) . Ten events are coincident with our catalog and available for comparison (Fig. 14) . These events ranged in M W from 5.0 to 6.0. We compare the differences between strike, dip, rake, and moment magnitude using the mean and standard deviation listed in Table 4 . The mean difference and 1 standard deviation are Dstrike ‫ס‬ 7.4Њ ‫ע‬ 6.8Њ, Ddip ‫ס‬ 10.8Њ ‫ע‬ 6.6Њ, and Drake ‫ס‬ 12.9Њ ‫ע‬ 8.0Њ. The mean difference in moment magnitude is 0.09 ‫ע‬ 0.06 units. The comparisons between the regional moment tensor and Harvard CMT solutions (Fig. 7) have about 10Њ-20Њ difference between strike, dip, and rake and are considered visually similar. These small differences in the moment tensor solutions between the Harvard CMT and this study may arise from different station distributions, frequency bands, and differences in handling the depth and location centroid estimation. The CMT procedure uses body waves with periods longer Figure 12 . Distribution of hypocenter depths estimated by seismic networks and centroid depths estimated from moment tensor inversion. For the comparison between depth estimated from seismic network and this study, we only used only 13 "a" quality events. There are also larger sized earthquakes, which may have a CLVD component as high as 15% due to path propagation and site effects from unmodeled earth structure and even higher CLVD components for double events. Figure 14 . Ten Harvard (HRVD) centriod moment tensors (CMTs) compared to regional moment tensor inversions (RMTIs). The event dates and numbers listed above the focal mechanisms can be referenced to Table 2 . Details on the comparisons are shown in Table 4 .
visually similar when compared with their first-motion focal mechanisms. The results from these comparisons suggest that generic Green's functions can be used to estimate source parameters for regionally recorded earthquakes down to M W 3.8 with a sparse number of stations.
Jackknife Resampling
We examine the average and standard deviation of the P-and T-axis orientations (trends and plunges) estimated from the moment tensor solution by resampling the original dataset using delete-j Jackknife resampling following the method of Efron (1982) . We used events 114 (Truckee) and 145 (Little Skull) as examples because they were recorded by a distribution of stations with a maximum gap of less than 30Њ, thereby providing well-constrained moment tensor solutions. The large number of stations for event 114 (14 stations) and event 145 (11 stations) provide the azimuthal coverage needed to examine the variations in moment tensor solution from different station distributions. Figure 16 shows the two nodal planes and P-and T-axis trend and plunge determined from the deviatoric moment tensor for the two events using the delete-j and delete-1 Jackknife resample method from the effect of removing the contribution of one or more stations from the original dataset. For event 114, we generated 16,369 datasets resampled from the original 14 stations, and for event 145, we generated 2035 datasets resampled from the original 11 stations. The delete-j resample dataset is generated by deleting j ‫ס‬ 1 to j ‫ס‬ N‫2מ‬ stations from the original N number of stations to form new datasets of N‫מ‬j stations without duplicating any set. For example, when N ‫ס‬ 4 (stations 1, 2, 3, and 4), then than 40 sec and mantle waves with periods greater than 135 sec that do not allow for as much resolution of source depth as the regional data. The shallowest depth grid point in the CMT procedure is 15 km, while we use a finer grid from 2 to 20 km because the earthquakes modeled in this study are assumed to be relatively shallow crustal earthquakes.
Validations: Comparisons between Regional Moment Tensor and P-Wave First Motion Focal Mechanisms
Relocated earthquakes from the 1994 Double Spring Flat aftershock sequence were used to determine a set of well-constrained first-motion focal mechanisms (Ichinose et al., 1998) . All first-motion focal mechanisms contained over 20 first-motion polarities and were estimated using FPFIT (Reasenberg and Oppenheimer, 1985) . These were compared to focal mechanisms from the moment tensor analysis using the major double couple of the deviatoric moment tensor. We compare the statistics in Table 4 of the differences between focal mechanisms shown in Figure 15 . Considering that the typical reported uncertainties by FPFIT in the focal mechanism solutions could be as large as 30Њ, there appears to be agreement, within uncertainties, between the two results, indicating that the regional moment tensors for Double Spring Flat aftershocks were consistent with their firstmotion focal mechanisms. Three of the solutions had P-T axes in their focal mechanism rotated by 180Њ, and when removed, the mean differences between strike, dip, and rake are all less than about 20Њ (Table 4 ). The regional moment tensor results for the 1993 Eureka Valley (event 6) and 1997 Fish Lake Valley (event 55) earthquakes are also considered there are 10 distinct datasets. When j ‫ס‬ 1, then there are four resampled datasets of N‫מ‬j ‫ס‬ 3 stations: (1,2,3), (1,2,4), (1, 3, 4) , and (2,3,4). When j ‫ס‬ 2, there are six resampled datasets of N‫מ‬j ‫ס‬ 2 stations: (1,2), (1,3), (1,4), (2,3), (2,4), and (3,4). Table 5 lists the average P-and Taxis orientations and standard deviations for the delete-1 and all of the delete-j Jackknife resamples shown in Figure 16 . Figure 17 (event 114) and Figure 18 (event 145) show the average P-and T-axis orientation and ‫1ע‬ standard deviations for each (N‫מ‬j) resampled dataset. These are compared with those estimated with all N stations. We assume that the P-and T-axis solution from all N stations is approximately the true solution. As the number of stations used in the moment tensor inversion decreases from N‫1מ‬ to 4, the average orientations deteriorated to about ‫01ע‬Њ within the assumed true value. The width of the error bars ‫1ע(‬ standard deviation) increases significantly as the number of associated stations is reduced, indicating the influence of poorly distributed stations. As a worst-case scenario for event 145, a strike-slip rather than normal-slip focal mechanism (top of Fig. 16 ) would be obtained if only two stations were used in the moment tensor inversion. This is indicated by the large standard deviation (about ‫)09ע‬ for the P axis for N ‫מ‬ j ‫ס‬ 2 in Figure 18 .
Theoretically the moment tensor can be inverted from data recorded by a single three-component station, although we infer from these examples that the regional moment tensor can only be recovered to within some range. From the averages and standard deviations estimated using Jackknife resampling, the moment tensor can be best recovered to within ‫01ע‬Њ for the P-and T-axis orientations with at least three or four stations distributed evenly in azimuth. Figure 15 . P-wave first-motion focal mechanisms are compared to regional moment tensors (major double couple of deviatoric moment tensor). The event dates, origin times, and numbers labeled above each focal mechanisms are referenced to Table 2 . Details on the comparisons are shown in Table 4 . Figure 16 . Nodal planes and P-and T-axis trend and plunge estimates from multiple deviatoric moment tensor inversion of Jackknife resampled datasets. The distribution, mean, and standard deviation of P-and T-axis trend and plunge estimates are listed in Table 5 .
Implications for Ground-Motion Modeling
When the earthquake depth and focal mechanism are estimated from regionally recorded long-period waves, these can be used to forward model seismograms up to higher frequencies. We use the f ‫מ‬j reflectivity method to compute synthetics for frequencies up to 1 Hz, by adjusting the velocity model (e.g., Dreger and Helmberger, 1990) . We reexamined two recent earthquakes near Reno: the 1995 Border Town (M W 4.5) and 1998 Lake Tahoe (M W 4.7) earthquakes (Ichinose et al., 1997 . Both earthquakes were strongly felt in Reno and widely recorded regionally by different seismic networks, allowing for the determination of the focal mechanism and source depth.
We first examine the wave propagation path between the 1995 Border Town earthquake and the broadband station at Washoe City, Nevada. We predicted the ground motions at Washoe City for a foreshock, mainshock, and three aftershocks for frequencies up to 1 Hz (Fig. 19) . The predicted ground motions using the WUS model fit the peak S-wave amplitude, arrival time, and frequency content, but do not fit the P phase or S coda very well. This is a difficult site considering the complex path between the source and receiver.
We also predict the ground motions for the 1998 Incline Village earthquake at stations Pah Rah (PAH), Bekwourth (BEK), and Washoe City (WCN) for the mainshock and at station Washoe City for only the foreshock and two aftershocks (Fig. 20) . The complete waveform synthetics fit the amplitudes and phase at PAH and BEK up to frequencies of 1 Hz including the near-field ramps. We expected the waveform fits at WCN to be the best considering that the rays are mainly upgoing directly from the source to the site. The synthetics fit only for the direct P-and S waves and fit less well for the rest of the record, indicating again that the WCN site has complex wave propagation effects or may have site effects. This exercise suggests that seismic ground motions can be predicted for rock-quality sites in this region using only 1D velocity models, providing reliable time histories from scenario earthquakes. Basin or 3D effects need to be incorporated even for some sites that are not obviously considered "basin." For example, at WCN, although the amplitude and dominant period are predicted for the P and S phases, the complex volcanic stratigraphy or adjacent faulting and basins result in ground motions that are more complex than those predicted by the 1D model. 
Conclusion
The application of the regional moment tensor inversion has yielded a complete catalog of moment tensors for eastern California and western Nevada above M W 4.0 since 1990. These solutions have been optimized for centroid depth and include a number of stations not originally used in the preliminary solutions by University of California-Berkeley or Harvard CMT. The moment tensor inversion results were within 10Њ-20Њ in strike, dip, and rake of first-motion focal mechanisms and Harvard CMT results. Since we only model the long periods of regional seismograms, the results are stable over complex tectonic environments, although we find the WUS velocity model to work the best to recover the source parameters.
The moment tensor catalog can be useful in future studies on the orientation of the local and regional stress field, constructing a uniform moment magnitude scale, and providing constraints on crustal structure and model calibration, as well as to provide information on the style of deformation and tectonics of the region. Table 2 ) were modeled at WCN. All seismograms are aligned with the origin time. The data and synthetics are in microns and lowpass filtered at 1 Hz. We used the focal mechanism from event 34 in Table 2 Table 2 ) modeled at PAH, BEK, and WCN. All seismograms are aligned with the origin time. The data and synthetics are in microns and low-pass filtered at 1 Hz. We used the focal mechanism from event 87 to compute the synthetics for the mainshock at the three stations. The foreshock and aftershocks focal mechanisms and moment magnitudes were estimated from WCN seismograms by using a simple grid search scheme.
